Body residues are often better estimates of the amount of a chemical at the sites of toxic action in an organism than ambient soil concentrations, because bioavailability di4erences among soils are explicitly taken into account in considerations of body residues. Often, however, insu7cient attention is paid to the rate and extent at which tissue concentrations respond to soil concentrations and soil characteristics. In this contribution the impact of soil characteristics on the environmental bioavailability of heavy metals for the oligochaete worm Eisenia andrei is reported. Uptake of As, Cd, Cr, Cu, Ni, Pb, and Zn in 20 Dutch 5eld soils and in OECD arti5cial soil was quanti5ed as a function of time. Internal metal concentrations varied less than the corresponding external levels. Metal uptake and elimination were both metal-and species-dependent. Worms typically attained steadystate concentrations rapidly for Cr, Cu, Ni, and Zn. Internal concentrations similar to those in the cultivation medium, linearly increasing body concentrations, or steady-state internal concentrations well above those in the cultivation medium were found for As, Cd, and Pb. Multivariate expressions were derived to describe uptake rate constants, steady-state concentrations, and bioaccumulation factors as a function of soil characteristics. Soil acidity is the most important solid-phase characteristic modulating the availability of As, Cd, and Pb. Although additional semimechanistic calculations yielded evidence of porewater-related uptake of Cd and Pb modulated by competition between H> and metal ions at the active sites of the membranes, the 5ndings for Cr, Cu, Ni, and Zn point to additional in6uences, among which is probably regulation.
INTRODUCTION
Earthworms are among the major components of soil biomass and play an important role in maintaining the structure and fertility of soil. Earthworm-mediated processes like drainage, aeration, and incorporation and degradation of organic matter are of importance in improving soil quality (Edwards and Lofty, 1977; Barber et al., 1998) . Moreover, earthworms are an important part of the terrestrial food web and can constitute a signi"cant component of the diet of birds, small mammals, reptiles, and other soilinhabiting biota. Because of these characteristics, they have been adopted as important indicator organisms for assessing potential impacts of chemicals to soil organisms and to organisms in the terrestrial foodweb. Standardized tests have been developed to quantify e!ects of chemicals on worms (OECD, 1984) .
Due to standardization little attention has been given to aspects of substrate quality and time. First, insu$cient attention is paid to the rate and extent at which worm tissue concentrations respond to substrate concentrations. With respect to this, it was recently concluded that especially in the case of soils there is little consideration of the factors that modulate the availability of metals. It is necessary to develop methods which contain qualitative and quantitative descriptions of di!erences in bioavailability: (a) between contaminated and noncontaminated (natural background) soils; (b) between soils typically used for laboratory testing and "eld soils; and (c) among contaminated "eld soils (Peijnenburg et al., 1997) .
Second, with regard to the aspect of time, ecotoxicological testing of soils with earthworms is typically carried out by recording health e!ects after a relatively short exposure time (e.g. 3 weeks). However, as indicated by Sheppard et al. (1997) , for elements such as Cd, there is good evidence that the kinetics are slow and that accumulation of the element may continue for the life span of the organism (months). Steady state would be the preferred condition for interpreting test results and for allowing extrapolation of toxicity data obtained in a laboratory setting to "eld conditions. Many toxicity data, however, are not obtained at or near steady state, and steady-state tissue concentrations can be much higher than those in a short-term bioassay.
In view of the time issue mentioned above, bioavailability should be addressed as a dynamic process. The dynamic approach of &&bioavailability'' in soil should comprise at least two distinct phases: a physicochemically driven desorption process, and a physiologically driven uptake process (McCarthy and Mackay, 1993) . The latter requires identi"cation of speci"c biotic species as endpoint. Hamelink et al. (1994) referred to both processes as &&envir-onmental availability'' and &&environmental bioavailability,'' respectively. As the level in the organism must reach some threshold value at the target site (e.g., cell membranes for narcotic agents) before e!ects start to occur, &&toxicological bioavailability'' was de"ned by Hamelink et al. as being the "nal determinant of toxicity. Lanno et al. (1998) applied the concept of body residues as a tool for assessing toxicological bioavailability, taking into account that once taken up, metals may be partitioned into biologically available, biologically unavailable, or storage fractions. Biologically available metals in their turn can participate in essential metabolic functions, or in the case of nonessential elements or excess essential metals, contribute to toxicity. The use of body residues for the appropriate species reduces uncertainties in risk assessment procedures (Van Wensem et al., 1994; Van Straalen, 1996) . However, even when there is uptake there is not necessary toxicity, as the organisms may sequester metals and thus avoid physiological impact. In addition, organisms may change their environment, thereby altering the metal distribution in soil (e.g., plant}root exudates) and inside the organism. Thereupon in some species, external (available) metal concentrations may directly determine toxic e!ects rather than (noncomplexed) internal concentrations. An example of this may be found for the plant Silene cucubalus: As shown by de Vos (1991) , metal toxicity to this plant is associated with direct damage to the outer root cells.
Environmental conditions and organism-speci"c uptake routes play a crucial role in the whole context of bioavailability since they determine the steady-state status. The environmental conditions, moreover, play a role in the survival and well-being of soil organisms. Soil organisms potentially have di!erent uptake routes. There is evidence for predominant pore-water uptake of organic substances by softbodied animals (Belfroid et al., 1996) , but due to their complex physicochemical behavior such evidence is at present only circumstantial for metals (Spurgeon and Hopkin, 1996) .
Recent contributions from this laboratory focussed on quantifying environmental availability and environmental bioavailability of metals in 20 Dutch "eld soils. Predictive empirical models were developed that incorporate the dominant soil-related factors that modulate metal partitioning (Janssen et al., 1997a) and subsequent uptake by the compost worm Eisenia andrei (Janssen et al., 1997b) and the enchytraeid Enchytraeus crypticus (Peijnenburg et al., 1999) . Accumulation of As, Cd, Cu, Cr, Ni, Pb, and Zn in E. andrei was measured after a "xed exposure time of 21 days, and quanti"ed as biota}soil accumulation factors (BSAFs). This allows for determination of the dependence of BSAF on a limited number of relevant soil characteristics. A dynamic approach, however, is preferred over a static analysis (Posthuma et al., 1998) because:
E A dynamic approach enables deriving the most relevant kinetic parameters of environmental bioavailability. These are the uptake and depuration rates (dynamics) and eventually the equilibrium concentration (when reached).
E It ensures that secondary adverse e!ects on organism performance (for instance, loss of weight) can be recognized and/or factored out.
E It makes it possible to properly deal with regulation of essential elements by the soil organisms under consideration.
In Peijnenburg et al. (1999) uptake of Cu, Cd, Pb, and Zn by E. crypticus was quanti"ed as a function of time, using compartment modeling to yield data on the uptake dynamics of the process and the equilibrium status.
Aims and Approaches
The results of a dynamic study on the uptake of As, Cd, Cr, Cu, Ni, Pb, and Zn in E. andrei are reported here. The objective of the research was to quantify the modulation of bioavailability as a function of soil characteristics. To establish this, on the one hand an empirical and pragmatic approach was followed aimed at developing multivariate expressions that relate steady-state internal body concentrations, bioaccumulation factors, and uptake and elimination rate constants to easily determinable soil characteristics. Both the total concentration of the metals (often reported) and the (hypothesized) bioavailable fraction are explicitly taken into account, focusing on pore-water-mediated uptake. On the other hand, the empirical models were con-"rmed using a mechanistic approach which allowed models to be derived that describe uptake in terms of competition processes at the outer membranes of the organisms.
Similar to the procedures applied in this study toward metal uptake in E. crypticus (Peijnenburg et al., 1999) , the necessary underlying data were obtained by carrying out uptake experiments in 20 moderately contaminated Dutch "eld soils. Body residues were determined at present time intervals over a maximum period of 63 days of exposure. Apart from possible toxic e!ects related to changes of body weight, toxicological bioavailability will not be addressed.
To study animal performance, animals were also treated in clean OECD arti"cial soil. In addition to health and behavior observations, body concentrations of metals were monitored in these animals. To current knowledge, Van METAL ACCUMULATION IN Eisenia andrei Gestel et al. (1993) were the "rst to report on metal accumulation and eliminated by E. andrei exposed in OECD arti"-cial soil. Similar studies were carried out by Spurgeon and Hopkin (1996) , although these authors varied the composition of the OECD medium with regard to pH, organic matter content, and clay content.
MATERIALS AND METHODS

Soil and Pore-Water Treatment
Twenty soils were collected at moderately contaminated sites in The Netherlands. Details on soil codes, sample sites, soil collection, soil treatment, chemical analyses, soil characterization, pore-water collection, and metal concentrations are given by Janssen et al. (1997a) . Details on chemical speciation calculations are given in Janssen et al. (1997b) . As illustrated by Peijnenburg et al. (1999) , the soil characteristics as well as metal contamination levels di!er strongly, and for the most relevant factors in#uencing metal partitioning and uptake, variability among soils was large, as was aimed at in the sampling procedure.
OECD arti"cial soil was prepared according to the OECD (1984) protocol. No metals or nutrients were added.
Exposure of Worms
Two hundred grams of homogenized fresh soil at pF 2 humidity was taken from a storage vessel. The samples were put in plastic jars (350 ml) and acclimated for at least 24 h in a climate room with constant temperature (20$13C). Adult specimens of E. andrei (15 weeks old) were cultivated in mixtures of potting compost soil and horse dung. Four randomly chosen animals were transferred to one of the two jars prepared for each soil. Animals were exposed under climatized conditions (20$13C) and were not fed during the experiment. The room was constantly illuminated. After 0, 1, 2, 3, 4, 7, 14, 21, 28, 42 , and 63 days of exposure, animals were recollected from the replicates by hand sorting. To prepare the animals for metal analysis, the animals were allowed to void their gut contents for one day on humid "lter paper. After that, the worms were put in Kartell cups, freeze-dried, weighed, and used for analyses of metal contents. A similar procedure was carried out for worms that were not exposed to any of the soils and, hence, were sampled directly from the cultivation medium.
Metal Concentrations in Animals
Details on the procedures used to assess metal concentrations in the worms are given by Janssen et al. (1997b) . Metal concentrations in the worm tissue were expressed on a millimole per kilogram dry weight basis. Blanks and reference material (bovine liver, Commission of the European Communities, Community Bureau of Reference, Brussels, Belgium) were digested simultaneously. To minimize the impact of possible errors related to the assessment of the weight of the freeze-dried worm samples, it was decided to restrict the use of internal concentration data for further data analysis to data obtained from freeze-dried samples with a weight of over 100 mg.
Data Analysis
The worm metal concentration data were analyzed in steps as follows:
Compartment modeling.
A one-compartment model was used to analyze the dynamic change of body concentration in the worms over time, following the generalized formula
with t the time (days) and C 5 the metal concentration in the worms (mmol ) kg dry weight 5 \); the subscript x refers to the hypothesized bioavailable phase in the exposure medium (soil, pore water) so that C 6 is the total metal concentration in (1) the soil compartment (mmol ) kg \), (2) the pore water (mmol ) L .5 \), (3) the 0.01 M CaCl -extractable metal concentration (mmol ) kg \), or (4) the calculated metal ion activity in the pore water (mmol ) L\); k (x) is the uptake rate constant (either kg 6 )kg dry weight 5 \ ) day\, or L 6 ) kg dry weight 5 \ ) day\); k is the elimination rate constant (day\). The general solution of Eq. (1) is
C 5 (0) is the initial concentration in the organisms. GraphPad Prism 2.0 was used to "t the model to the data for each soil and metal separately.
To judge bioavailability in the di!erent soils focus was made on two di!erent aspects of the uptake curve, viz., the uptake rate constant (k (x)), and the steady-state concentration, which was estimated following
with ss"steady state. After that, the bioaccumulation factors in steady state were calculated following Referring to the hypothesized exposure medium, the bioaccumulation factors will be indicated as follows: BSAF (C V "the total metal concentration in soil), B .5 AF pore water), B ! ! AF (based upon CaCl extraction), and B + > AF (based upon the free metal ion activity).
2.
Description of uptake as a function of soil characteristics. The variation of steady-state concentrations, BXAFs, and uptake rate constants among soils was expressed as a multivariate function of the measured soil and pore-water characteristics. Only those soils for which the "t of the model to Eq. (2) exceeded an R value of 0.5 were included in the regression analyses. Stepwise regression was used to identify the crucial characteristics explaining most of the variation. The multivariate functions take the form log (>)"a log (A)#b log (B)#, 2 , c,
with >"C 5 (ss), BXAF, k (x), or k ; A, B, and C"descriptors, i.e., di!erent soil characteristics; and a, b, and c"coef-"cients. The signi"cant descriptors are arranged in decreasing order of importance (A, B, and so forth). Descriptors that do not explain a signi"cant part of the variation (P'0.05) are not incorporated in the formulas.
Mechanistic assessment regarding route of uptake.
Multivariate correlations as developed in this study do not give a clue to the presence or absence of mechanistic in#uen-ces of soil variables on uptake. Worms may take up metals from various fractions, e.g., from the pore water (total) and the labile (extractable) fraction, causing the correlations to be redundant for identifying the true exposure route. A mechanistic approach may yield information on the dominant exposure route. Hare and Tessier (1996) have found that Cd concentrations in the indigenous aquatic insect larva Chaoborus punctipennis from various lakes are best described by a model based upon the activity of the free cadmium ion, provided that competition at biological uptake sites between hydrogen ions and free cadmium ions is explicitly taken into account. The observations on metal uptake in E. andrei prompted applying a similar mechanistic model. Equation (6) was used for this purpose (Hare and Tessier, 1996) :
In this equation, C and a are constants speci"c to E. andrei, whereas K equals the equilibrium constant for protonation of the outer membranes of E. andrei. K values are lacking for E. andrei. Least-squares optimization was applied to calculate the K value that explained most of the variance in the experimental data.
RESULTS
General Observations
Mortality during the 63-day exposure period was negligible; in all jars 8 to 10 worms could be recaptured, and all soils could be used in the statistical analyses. On average, the body weight of the animals decreased as a function of time (Fig. 1) . As illustrated in Fig. 2 for the soils coded K and D, body weight changes di!ered considerably between soils. As weight loss may bias body concentration changes it was decided to restrict the data analysis to individual observations that were not signi"cantly a!ected by weight loss. One-way ANOVA (Dunnett's test) with time as independent variable was used to identify signi"cant weight loss, compared to the average weight of the worms after 1 day of exposure. As a consequence, di!erent numbers of observations remained for the soils included in this study. In the examples given in Fig. 2 , signi"cant loss of weight was not observed during the 63 days exposure period for soil D, whereas in case of soil K metal concentrations data obtained beyond 21 days of exposure were considered to be biased by weight loss, and hence were not used for further data analysis.
Uptake Characteristics
The main aim of this study was to develop descriptive models for explaining di!erences in bioavailability among "eld soils. The actual uptake data obtained per soil are summarized in Tables 1}4; below the main focus is upon those aspects of time-dependent metal accumulation that are related to di+erences among soils.
At the start of exposure, the average metal concentrations in the organisms were 0.05, 0.04, (0.015 (detection limit), 0.10, (0.03 (detection limit), 0.007, and 1.80 mmol ) kg dry weight\ for As, Cd, Cr, Cu, Ni, Pb, and Zn, respectively. As an illustration of the typical variants of the uptake patterns observed, the time-dependent accumulation of Cd, Cu, Pb, and Zn in soil R is given in Fig. 3 .
Two characteristic types of uptake could be distinguished (i.e., apart from body concentrations that were below the detection limit):
1. Uptake following one-compartment behavior. In a number of cases the rate of elimination was found to be close to 0, which resulted in apparent linear uptake of the metal over the 63 days exposure period.
2. Fast accumulation, leading to internal concentrations that were usually at steady state within 1 to 3 days of exposure. It is clear that these type of data are considered problematic in studying uptake kinetics in E. andrei in relation to soil characteristics, given the sampling scheme employed.
In all soils studied, fast accumulation of type 2 was the sole uptake pattern observed for Cu and Zn, two essential metals whose body concentrations are known to be regulated. Thus, whereas total external Cu and Zn Note. For site codes see Janssen et al. (1997a) . The calculated values of k (x)*C V , k (day\), the standard errors associated with these parameters, the values of R, and the calculated steady-state concentration C 5 (ss) (mmol)kg dry weight 5 \*Eq. (3)), as well as the pH(CaCl ) and the total arsenic content, are given.
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?No acc., soils in which internal arsenic levels remained the same as in the cultivation; linear, soils in which internal arsenic levels increased linearly; one comp., soils in which internal arsenic levels could be "tted according to a one-compartment model (Eq. (2)).
concentrations varied by as much as a factor of 100 and 590, respectively, steady-state body concentrations of Cu and Zn were found to vary by no more than a factor of 5, with an almost immediate response of the body concentrations.
Looking at particular phenomena per metal and per soil, the following observations were made:
Arsenic. Accumulation of arsenic at concentrations above the initial levels was observed in 12 of the 21 soils studied (i.e., including the OECD arti"cial soil). Rapid attainment of steady-state concentrations in the worms was observed in 6 of these 12 soils and the toxicokinetic model was "tted to the data. Data biased by weight loss were excluded. A linear increase of the internal concentrations was found in the worms exposed in the remaining 6 soils. Apparently, rates of depuration in these soils are too low to signi"cantly slow down the rise in body concentrations within the duration of the experiment. For these 6 soils too, the toxicokinetic model was used to model the increase of internal cadmium concentrations, using a "xed value of k of 0 day\. The main uptake characteristics for As in E.
andrei are summarized in Table 1 , including the calculated steady-state concentrations [Eq. (3)]. Note that the uptake rate constant k (x) has a numerical value that is dependent of the hypothesized exposure route (i.e., total exchangeable, pore water, or pore-water activity), and that the units di!er (e.g., kg soil ) kg dry weight 5 \ ) day\ for solid exposure or L ) kg dry weight 5 \ ) day\ for liquid exposure). Soil pH and the total arsenic content of the soils are also included in Table 1 , as it turned out that these parameters provide a means to discriminate between soils in which the As concentrations in the organisms remained at the levels found in the culture and soils in which internal As levels increased signi"cantly. It can be deduced from Table 1 that no accumulation was found in "eld soils having both a pH (CaCl ) value of less than 6 and total arsenic levels below 0.4 mmol ) kg\. At pH values exceeding 6.75, elimination is virtually equal to 0 and linearly increasing internal concentrations are observed. The sole exception is soil L, but it should be noted that for this soil the value of the elimination rate constant does not di!er signi"cantly from 0. In soils which do meet the criteria mentioned, uptake adhered to the toxicokinetic model. Note. For site codes see Janssen et al. (1997a) . The calculated values of k (x)*C V , k (day\), the standard errors associated with these parameters, the values of R, and the calculated steady-state concentration C 5 (ss) (mmol)kg dry weight 5 \*Eq. (3)), as well as the total cadmium content, are given. ?No acc., soils in which internal cadmium levels remained the same as in the cultivation; linear, soils in which internal cadmium levels increased linearly; one comp., soils in which internal cadmium levels could be "tted according to a one-compartment model (Eq (2)).
METAL ACCUMULATION IN Eisenia andrei
@Internal concentrations hardly distinguishable from those in the cultivation.
Cadmium. Cadmium accumulated at levels exceeding the initial concentrations in 13 of the 21 soils. Linearly increasing cadmium levels were observed in 5 of these 13 soils, whereas the internal concentrations in the remaining 8 soils attained steady state. The main uptake characteristics for Cd in E. andrei are summarized in Table 2 . The total cadmium content of the soils is also included in Table  2 , as this parameter can be used to discriminate between soils in which there is signi"cant Cd accumulation and soils in which this is not the case: no signi"cant cadmium uptake by the worms is observed when the total cadmium content of the soils is less than 0.01 mmol ) kg\. The only exception is soil Q. It should be noted that for this soil very low internal cadmium concentrations were found, which are hardly distinguishable from the cadmium levels in organisms taken from the cultivation. As a consequence the calculated steady-state concentration was only marginally above the level found in the cultivation and a relatively low value of R was obtained.
ead. Although in some cases there appeared a tendency of slowly decreases Pb levels, the common uptake pattern in eight soils was fast accumulation of Pb to reach internal steady-state levels that varied in between 0.008 (OECD arti"cial soil) and 0.49 mmol ) kg dry weight\. Linearly increasing lead levels (no elimination) were observed in six "eld soils, whereas the internal lead concentrations in E. andrei fully adhered to the onecompartment model in the remaining seven "eld soils. The main uptake characteristics for Pb in E. andrei are summarized in Table 3 . It turned out that there were no soilrelated parameters that could be used to discriminate soils in which fast accumulation of Pb takes place from soils which "tted the slower one-compartment model. The only relevant observation in this respect was that for all soils with pH(CaCl ) below 3.9, linearly increasing internal lead concentrations over the whole 63 days exposure period were observed.
Chromium. Internal Cr levels in soils H and I were below the detection limit of 0.015 mmol ) kg dry weight\. Fast accumulation (usually within 3 days of exposure) of Cr at levels exceeding the body concentrations in the culture was observed in 19 soils. Steady-state internal Cr levels in these soils varied 300 Note. For site codes see Janssen et al. (1997a) . The calculated values of k (x)*C V , k (day\), the standard errors associated with these parameters, the values of R, and the calculated steady-state concentration C 5 (ss) (mmol)kg dry weight 5 \*Eq. (3)), as well as the total lead content, are given.
?Steady state, soils in which internal lead levels reached steady state, usually within three days of exposure, linear, soils in which internal lead levels increased linearly; one comp., soils in which internal lead levels adhered to a one compartment model (Eq. (2)). from 0.02 (soil A) to 0.27 (soil R) mmol ) kg dry weight 5 \, which compares to external Cr levels that varied from 0.06 (soil K) to 3.75 (soil R) mmol ) kg dry weight\. An overview of the measured internal steady-state concentrations, and the external chromium concentrations is given in Table 4 .
Copper. Cu accumulated rapidly in the organisms; in all soils steady-state concentrations were reached within 3 days of exposure. Steady-state internal Cu concentrations varied between 0.09 (which is at the detection limit) and 0.51 mmol ) kg dry weight 5 \ (Table 4) . External Cu levels ranged from 0.017 to 1.73 mmol ) kg dry weight\ (Table 4) .
Nickel.
In 5 of the soils tested, internal Ni concentrations were below the detection limit of 0.03 mmol ) kg dry weight\. In 16 soils, fast Ni accumulation was observed yielding steady-state concentrations that were fairly constant and varied from 0.04 to 0.12 mmol ) kg dry weight 5 \. External nickel levels varied from 0.009 to 0.81 mmol ) kg dry weight\. Internal steady-state and external total nickel concentrations are reported in Table 4 .
Zinc. The organisms appeared to be able to regulate their internal zinc levels at concentrations ranging from 1.5 to 7.6 mmol ) kg dry weight 5 \ (Table 4 ), compared to external zinc concentrations that range from 0.08 to 47.5 mmol ) kg dry weight\. Again, steady state was usually reached within 3 days of exposure. The only exception to this general observation was the OECD arti"cial soil: because of the low external zinc concentrations in this arti"cial soil, internal zinc levels gradually decreased toward a level of 1.41 mmol ) kg dry weight\ after the 63-day exposure period.
Steady-State/Regulation
In the foregoing it was demonstrated that internal concentrations of Cr, Cu, Ni, and Zn reached steady state within relatively short periods of exposure in all soils studied. Despite the large variety of soil properties of the "eld soils included in this study, and despite the large variation in external soil metal concentrations, measured steady-state concentrations of these four metals varied by Note. For site codes see Janssen et al. (1997a) . For these four metals, steady-state conditions were usually reached within 3 days of exposure. Experimental steady-state concentrations (C 5 (ss)) are given in units of mmol)kg dry weight 5 \. b.d., below detection limit; lin. decr., linearly decreasing internal zinc levels. no more than a factor of 13, 6, 3, and 5, respectively. Total metal concentrations in the soils on the other hand varied by a factor of 63, 102, 90, and 594, respectively. (Logtransformed) internal steady-state concentrations are plotted against (log-transformed) total metal concentrations in Fig. 4 . The graphs presented in Fig. 4 suggest that steadystate concentrations of Cr and Cu are related to total metal concentrations, whereas for Ni the data appear to be scattered. It should be noted, however, that in case of Ni the variance in steady-state body concentrations is limited. It may also be deduced from Fig. 4 that steady-state zinc levels are independent of external zinc concentrations up to 3 mmol ) kg \, irrespective of the soil characteristics. Above this level, log-transformed internal concentrations tend to increase linearly with log-transformed total zinc levels. It should be noted that the steady-state zinc concentration (on average: 1.7 mmol ) kg dry weight\) that is found in the soils containing zinc in concentrations below 3 mmol ) kg\ corresponds well to the constant level reported by van Gestel et al. (1993) . Monovariate regression formulas describing the quantitative relationship between log-transformed steady-state body concentrations of Cr, Cu, and Zn for E. andrei after exposure in Dutch "eld soils and the log-transformed total metal content are given in Table 5 .
Dynamic Aspects of Bioavailability
Quanti"cation of the dynamic aspects of a complete three-step bioavailability assessment requires unraveling of the underlying physicochemical desorption mechanisms and the biologically driven uptake and depuration mechanisms. In this study, however, fast accumulation was observed for Cr, Cu, Ni, and Zn, usually within the "rst two data points collected. Given the sampling scheme employed in this study, this typical pattern of behavior does not allow deriving the parameters required to distinguish between the processes mentioned. Therefore, the data collected for these four metals were considered nonelucidative for the aim of studying the dynamic aspects of bioavailability. This in part is also true for the data collected for As, Cd, and Pb that showed either fast accumulation (Pb) or internal concentrations similar to those in the cultivation (As, Cd). Therefore, these data, too, were not included in the data set used for quantifying uptake dynamics. Also, at this stage the data obtained for the OECD arti"cial soil were not included in the data analysis.
Tables 1}3 indicate that for those soils in which accumulation of As, Cd, or Pb is observed, there are large di!erences between soils for all estimated parameters. Hence, it is 302 useful to analyze how uptake parameters relate to soil and pore-water properties.
Normalization of Uptake Rate Constants and Bioaccumulation Factors
As reported before (Peijnenburg et al., 1999) , uptake rate constants and bioaccumulation factors are usually normalized to total metal concentrations in the soil. However, k (x) values and BXAFs should preferably be based upon the true bioavailable concentration in the medium of interest. As indicated in the introduction section, four distinct expressions of the bioavailable fraction were hypothesized and put in the numerator for the calculation of k (x) values and BXAFs. Hence, four di!erent k (x) values were calculated for As, Cd, and Pb by dividing the values of k (x)*C V , as estimated according to Eq. (2), by either the total metal concentration in the soil or the metal concentrations that were hypothesized as the bioavailable fraction. Similarly, on the basis of the estimates of the steady-state concentrations given in Tables 1}3, four di!erent bioaccumulation factors were calculated for As, Cd, and Pb [Eq. (4)]. The estimated parameters for the uptake of As, Cd, and Pb for the four hypothesized exposure routes, after normalization to the appropriate external concentration, have been summarized in Table 6 .
As can be seen from steady-state parameters given. Most parameters di!er by about one order of magnitude. Again, these observations make it useful to analyze the dependence of uptake parameters on soil and pore-water characteristics. Note that the in#uence of soil characteristics on uptake parameters that are based upon total concentrations is expected to be highest, whereas the impact of soil characteristics on uptake parameters that are based on the truly bioavailable concentrations is expected to be less.
Impact of Soil Composition on Dynamic Aspects of Bioavailability of As, Cd, and Pb
Since uptake and elimination rate constants as well as BXAFs are assumed to be independent of the metal concentration, external metal concentrations were not included in the regression equation for these parameters. Multivariate equations for steady-state concentrations, on the other hand, were derived taking external metal concentrations as well as soil characteristics into account. The results of the analyses are given in Table 7 . Note that various formulas are derived using a small data set.
Uptake
¹otal metal concentrations in the soil. As can be seen from Table 7 , only in the case of lead is a signi"cant correlation between the uptake rate constant k (s) and soil properties obtained. Soil pH and the clay content of the soils contribute most to explaining the variance among uptake rate constants for Pb. For the BSAF values for As, Cd, and Pb, in general correlations with limited predictive capability are obtained. The exception to this general observation is As, but it should be noted that for this metalloid for only "ve soils a BSAF value could be calculated.
Hypothesized bioavailable concentrations.
Again it should be noted that especially for bioaccumulation factors, the number of data in general was limited. Consequently, only a limited number of statistically signi"cant models for predicting BXAF values could be developed. For all three metals, soil pH was in general the most dominant soil property that contributes most to explaining the variance in uptake rate constants and bioaccumulation factors. For As and Pb, the formulas for predicting uptake rate constants are signi"cantly enhanced by addition of either the clay content of the soils or the DOC content of the pore water as a descriptor.
Steady-State Concentrations
Steady-state concentrations of As in E. andrei can be well predicted on the basis of the clay content of the soils and the DOC content of the pore water, although the number of data is limited. For Cd and Pb it was found that the steady-state concentrations are best described by the CaCl -extractable amount of Cd in the soil and the Pb activity in the pore water. Addition of [Ca>] as a descriptor signi"cantly improves the correlations found for Cd and Pb.
Elimination Rate Constants
Elimination of As, Cd, and Pb was observed only in soils with pH(CaCl ) exceeding a value of 5. Elimination rate constants for none of the metals studies are correlated to any of the soil/pore water parameters or metal concentrations included in the regression analyses. This observation may be attributed to both the limited variance of the experimental k values and to the relatively high standard errors in the experimental k values. 
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Pb k "0 day\ for soils with pH(CaCl )(3.9
Total soil concentration log k (s)"!2.11#0.27 * pH!0.95 * log clay R "0.80, n"13, SE"0.19, F"25.0, P"0.001 log BSAF"!0.61!0.74 * log clay R "0.49, n"7, SE"0.29, F"6.8, P"0.048
Pore-water concentration log k (pw)"!0.19#0.63 * pH!0.81 log clay R "0.81, n"12, SE"0.39, F"24.1, P(0.001 log B
.5 AF"* No signi"cant correlation CaCl -extraction log k (CaCl )"!3.81#0.99 * pH R "0.99, n"7, SE"0.13, F"546, P"0.001 log B ! ! AF"* Insu$cient data Pore-water activity log k (Pb>)"!1.62#1.14 * pH!1.00 * log clay R "0.89, n"12, SE"0.54, F"45.9, P(0.001 log B . > AF"!1.97#0.89 * pH!3.32 * log LOI R "0.89, n"7, SE"0.34, F"17.9, P"0.020 #1.97 * log Fe * log C 5 (ss)"!3.00!0.33 * log Pb activity R "0.84, n"7, SE"0.15, F"17.3, P"0.011 !0.92* log CEC * log C 5 (ss)"!0.498!0.53 * log CEC!0.20 * log R "0.94, n"7, SE"0.10, F"29.6, P"0.010 log [Ca>] .5 !0.49 * log Pb activity Note. Signi"cant characteristics are arranged according to decreasing order of importance. pH, pH(CaCl ); clay, clay content (%); DOC, dissolved organic carbon (mmol ) l\); Fe , content of amorphous iron oxyhydroxide (mmol ) kg\); CEC, cation exchange capacity (cmol ) kg\); Al , content of amorphous aluminum oxide (mmol ) kg\); LOI, loss on ignition (%).
Conxrmation of Empirical Formulas by a Mechanistic Approach
The "ndings for Cr, Cu, Ni, and Zn suggest a strong dependence of internal concentrations on total metal levels in the soil matrix. This suggests that uptake is mainly in#uenced by solid soil phase concentrations and is only slightly modulated by solid-phase characteristics. The empirical formulas given in Table 7 for As, Cd, and Pb suggest a signi"cant impact of soil characteristics on metal uptake by E. andrei. In general the largest impact of soil characteristics was found for uptake rate constants and bioaccumulation factors that were normalized upon pore-water concentrations, 0.01 M CaCl extractable metal levels, or METAL ACCUMULATION IN Eisenia andrei pore-water activities. These "ndings point toward the suggestion that As, Cd, and Pb are primarily taken up by E. andrei from the solid soil matrix or via an exposure route related to the soil matrix like uptake from the labile (extractable) solid soil fraction. Mono-and multivariate correlations as were developed in the foregoing do not give a clue toward the presence or absence of mechanistic in#uences of soil variables on uptake. The correlation between body concentrations and external concentrations can be expected to increase in case one uses the truly &&environmental bioavailable fraction in the soil matrix for the worms as the parameter for external concentration. As can be seen from Table 7 , the extractable fraction and the pore-water concentrations (total concentration and activity) do not always give the &&best'' correlation with the steady-state concentrations calculated. This could be interpreted as an indication for rejecting pore-water-mediated uptake. However, the worms may take up metals from various fractions, e.g., from the pore water (total) and the labile (extractable) fraction, causing the correlations given above to be redundant for identifying the true exposure route. A mechanistic approach may yield information on the dominant exposure route. The observations on metal uptake in E. andrei prompted the application of a mechanistic model that is similar to the one developed by Hare and Tessier (1996) : Eq. (6) was used for this purpose. The data were taken from those Dutch soils in which steady state at elevated levels was found to take place after prolonged exposure. For Cd the optimum value for K of 2 ) 10\ mol ) L\ yielded values of C and a in Eq. (6) that were equal to 2.20 and 0.67, respectively (R "0.80, SE"0.19, n"7, F"24.6, P"0.004 ). In the case of Pb, the optimum value of K was equal to 3 ) 10\ mol)L\, whereas the parameters C and a in Eq. (6) were equal to !3.43 and !0.67, respectively (R "0.80, SE"0.17, F"25.4, n"7, P" 0.004). Inclusion of competition by Ca> did not signi"-cantly improve the equations found.
DISCUSSION
General
The main objective of the research described in this contribution was to quantify the modulation of bioavailability as a function of soil characteristics. An empirical approach was followed aimed at developing multivariate expressions that relate steady-state body concentrations, bioaccumulation factors, and uptake and elimination rate constants to easily determinable soil characteristics, taking the (hypothesized) bioavailable fraction explicitly into account.
The main "nding was that there is a distinct di!erence between the uptake patterns typically observed for Cr, Cu, Ni, Zn, and As, Cd, Pb. For the "rst four metals mentioned, either no metal uptake or fast attainment of steady-state concentrations is observed. The observations made for Cu and Zn may be a consequence of active regulation of these essential elements. The resulting internal concentrations vary by no more than about a factor of 5 (Table 4) . External total soil concentrations vary by as much as a factor of 100 (Cu) and 590 (Zn). However, the data collected in this study do not allow distinguishing between the possibility of active regulation of internal concentrations by the organisms and steady-state accumulation, as impacted by the external metal concentrations:
1. The magnitude of the variances in steady-state body concentrations of the essential elements Zn and Cu is similar to those of the nonessential elements Cr and Ni (factors of 15 and 3, respectively; Table 4 ).
2. Again similar to the nonessential elements Cr and Ni, internal steady-state concentrations of Cu and Zn are related to the total concentrations in the soil matrix.
In addition it should be noted that metal uptake from an environmental compartment (pore water, labile fraction, etc.) is a result of both the metal pool in that compartment (concentration) and the rate constant for the #ux from that compartment into the body. This #ux is the net result of (de)sorption processes within the soil/pore water matrix and uptake processes at the membrane surface of the organisms. Apart from active regulation of the internal concentrations of the essential elements Cu and Zn by the organisms, the uptake patterns found for Cr, Cu, Ni, and Zn may therefore be explained in several ways. Possible explanations include:
E Fast uptake and elimination processes (high metal #uxes in and out of the organisms) leading to fast equilibration of the internal body concentrations. E Limited bioavailability of the metals mentioned, as related to slow or delayed release from either the solid soil matrix or from the fractions that are assumed to be readily available.
E Bioavailable concentrations in the soil matrix that are too low to induce signi"cant uptake. The approaches used in this study do not allow unequivocal distinction between these possibilities, and additional exposure experiments are required in which, among others, metal #uxes in and out of the organism are measured (for instance, by using labeled isotopes).
For As, Cd, and Pb, no signi"cant metal uptake, linear accumulation, or accumulation according to a one-compartment model was found. In the case of As there appears to be no signi"cant uptake in soils having both a pH(CaCl ) value of less than 6 and total arsenic levels below 0.4 mmol)kg\. Equilibration is found to take place in the remaining soils for which pH(CaCl ) is less than 6.75. Elimination of As is virtually equal to 0 in the remaining soils with pH(CaCl ) above 6.75, leading to linear increasing internal As levels. If the total cadmium content of the soils is less than 0.01 mmol ) kg\, then no signi"cant cadmium uptake by the worms is observable. In the case of Pb it was 306 PEIJNENBURG ET AL.
found that for all soils having a pH(CaCl ) value below 3.9 internal lead levels increase linearly (no elimination). Soil acidity is the most important solid-phase characteristic modulating availability of As, Cd, and Pb.
As indicated above, a similar approach was used to study uptake of Cd, Cu, Pb, and Zn in the enchytraeid E. crypticus (Peijnenburg et al., 1999) . For this organism it was found that pH and cation exchange capacity are the most important parameters modulating the environmental bioavailability of Cd, Pb, and Zn. Internal Cu levels appeared to be regulated by E. crypticus. The most striking di!erence was found for Zn: whereas internal zinc concentrations in E. andrei are revealed vary by no more than a factor of 5 (suggesting homeostasis), Zn concentrations in E. crypticus varied by as much as a factor of 27. Zinc uptake by E. crypticus could well be described on the basis of a one-compartment model. Since the same soils were used under similar experimental conditions, this suggests, that E. andrei has an increased capability over E. crypticus of regulating its internal Zn concentrations.
When comparing the multivariate regression equations given in Table 7 to similar equations obtained for E. crypticus, it becomes clear that grosso modo the impact of soil characteristics is similar for both organisms. This suggests a similarity of metal uptake routes within the taxonomic group of oligochaetes, either directly or indirectly via the pore-water compartment, only with di!erent species-speci-"c coe$cients. However, the data presented in this contribution for Cr, Cu, Ni, and Zn show a low impact of soil characteristics on metal uptake in E. andrei compared to E. crypticus, suggesting a lower in#uence of soil characteristics in the former organism.
With respect to pore-water-mediated uptake, it is the free metal ion activity in the soil solution that has been proposed as a more accurate means of predicting uptake than the total metal concentration (Sposito, 1984) . According to the free-ion-activity model (FIAM), exposure of organisms is mechanistically envisaged as a process of uptake of metal ions from the soil solution. The FIAM explicitly emphasizes the importance of both the ions already present in the pore water and the labile sorbed metal quantity that is readily available for replenishment of assimilated ions. The current "ndings related to the application of the FIAM approach [Eq. (6)] provide evidence in support of pore-water-mediated uptake of free cadmium and lead ions by E. andrei. These "ndings also indicate that as far as metal uptake is concerned, there is no basic di!erence between the compost worm E. andrei and the enchytraeid E. crypticus (Peijnenburg et al., 1999) on the one hand, and aquatic organisms on the other. It should be noted that application of the mechanistically based FIAM approach in risk assessment procedures for metals in soils is di$cult at present. Although proper measurement techniques have emerged (Ure and Davidson, 1995) , they are not yet applicable in daily practice of soil protection. In anticipation of future developments in the FIAM approach, an empirical approach has been followed, applicable in daily practice, that considers both abiotic soil processes and uptake in organisms.
Metal Toxicity
Toxic e!ects caused by any of the soil characteristics, including metals and organic toxicants present in the soils, as well as factors such as pH, may directly a!ect worm behavior and metal accumulation in the worms, and thus may bias the "ndings. Both the uptake process and growth may be a!ected and body weight loss may bias the metal concentration in the animals. Since levels of a broad range of organic substances in the soils tested were not monitored, possible e!ects due to the presence of excess amounts of organic toxicants cannot be completely ruled out. In the present study the e!ect of weight loss on the metal concentrations in the animals was eliminated by excluding data obtained from worms which presented signi"cant weight loss. Thereupon, in none of the soils tested was mortality of the worms observed. Nevertheless, toxic e!ects cannot be excluded as judged, using literature data. Van Gestel et al. (1993) reported that NOEC values for e!ects of cadmium, chromium, and zinc on the growth and reproduction of E. andrei in arti"cial soil are equal to (0.09, 0.6, and 4.9 mmol ) kg dry weight 5 \. From the NOECs of Cr and Zn it may be deduced that only in soil E possible e!ects cannot be ruled out. For all soils in which cadmium is accumulated in the organisms according to a one-compartment model, the internal body concentrations at steady state will exceed the NOEC.
Validation: Dynamic versus Static Approach
The empirical models developed require validation, since misinterpretation may follow if the formulas are used in soil quality assessments, especially if autocorrelation or outliers occur. External validation of the models proved to be impossible due to lack of appropriate literature data on measured soil characteristics as well as internal body concentrations. Predictive models for calculating BSAF values for As, Cd, Cu, Ni, Pb, and Zn in E. andrei were developed by Janssen et al. (1997b) , using the same set of soils. These authors used a static experimental design with a "xed exposure time of 21 days and calculated BSAFs. No signi"cant model was found for Cr. As indicated in the Introduction, in general a dynamic approach is preferred over a static analysis. The results of the dynamic experimental design applied in this contribution show that for As, Cd, and Pb the attainment of steady-state internal body concentrations in most soils takes more than 21 days. Comparison of the BSAF models obtained for these three metals with the data reported by Janssen et al. is, therefore, not
Log-transformed BSAFs of Cu, Ni, and Zn in Eisenia andrei (kg soil ) kg dry weight 5 \) after exposure in 20 Dutch "elds and OECD arti"cial soil, as determined in this study, versus log-transformed total BSAFs as calculated on the basis of the models developed by Janssen et al. (1997b). appropriate. For Cu, Ni, and Zn on the other hand, internal body levels were shown not to vary after about 3 days of exposure in the "eld soils. Hence it is to be expected that there is overlap between the steady-state concentrations derived for these four metals and the predictions made on the basis of the models developed by Janssen et al. In Fig. 5 experimental BSAFs (this study) were plotted versus the values calculated on the basis of the models developed by Janssen et al. (1997b) . As may be concluded from Fig. 5 , especially for Cu and Zn, the experimental BSAFs determined in this study correspond well to the predicted ones.
In principle, the equations presented in Table 7 are valid only for soils with soil characteristics that lie well within the range of characteristics of the soils that make up the data set for each regression formula. Extrapolation of the equations obtained is tempting since this would strongly expand the applicability of the models. This is especially important given the limited data set that often was available for developing the models. Therefore predictions were generated for all uptake parameters given in Table 7 for those soils that were not included in the data set used to develop the models. Subsequently, these predictions were compared to the corresponding experimental values. Since all experimental k (x) values were used to generate the models given in Table 7 , k (x) was excluded from this type of validation. In the case of As, the models depicted in Table 7 for predicting BSAF, B
.5 AF, and C 5 (ss) were applied to the soils which do not ful"ll the criteria set. Since it is not possible to calculate bioaccumulation factors and steadystate concentrations for soils in which k "0 day\, these soils were not taken into account. It turned out that only in the case of log BSAF was there a signi"cant correlation between experimental and predicted values for this parameter (R "0.72, n"9). In Fig. 6 , experimental log-transformed BSAFs are plotted versus the values calculated on the basis of the model given in Table 7 . From Fig. 6 and the criteria mentioned in Table 7 it may be concluded that the BSAF model for As is valid for all soils with pH(CaCl )(6.75. For Cd and Pb no signi"cant correlations were found between experimental and calculated bioaccumulation factors and equilibrium concentrations. Extrapolation of the models given in Table 7 for these two metals outside their range of validity is therefore not justi"ed.
Comparison of Metal Dynamics in Field Soils and in Clean OECD Artixcial Soil
Although the structure and texture of OECD arti"cial soil di!er completely from typical "eld soil, OECD arti"cial soil is routinely used as a reference soil for carrying out terrestrial toxicity testing under standardized laboratory conditions. As a consequence, many toxicity data are available for this arti"cial soil. Inclusion of this large data set in 308 PEIJNENBURG ET AL.
FIG. 6.
Comparison of experimental and predicted values of log BSAF for As, for soils that do not ful"ll the criteria set in Table 7. the data set used for assessing possible adverse e!ects related to the introduction of chemicals in the environment necessitates, among others, that di!erences in bioavailability between OECD arti"cial soil and "eld soils be quanti-"ed. Dynamic exposure experiments in clean OECD arti"cial soil were carried out and the results of these experiments were compared with the models derived on the basis of the data obtained for the 20 "eld soils. The "ndings for the OECD soil are given in Tables 1}4. As both the Al and DOC were not measured, it is not possible to use the models given in Table 7 to compare the experimental and calculated uptake parameters for arsenic. Cd levels were below the detection limit in the OECD soil and again no conclusions can be drawn for this element. As internal body concentrations of zinc decreased continuously in the OECD soil, the same is true for this metal. Comparison of calculated and experimental body concentrations for Pb was hampered by the fact that the total Pb concentration in the OECD soil is at least a factor of 20 lower than the total Pb levels in the "eld soils studied.
Steady-state body concentrations of Cr and Cu can be calculated using the equations given in Table 5 . For Cr the log-transformed experimental value of 0.05 mmol ) kg dry weight\ is at the higher edge of the 90% con"dence interval of 0.01}0.05 mmol ) kg dry weight\, as calculated according to Table 5 . For Cu the experimental and calculated values of 0.13 and 0.11 mmol ) kg dry weight\, respectively, suggest that the equation given for Cu in Table 1 would in fact improve upon inclusion of the OECD arti"cial soil in the data set.
From these "ndings it may be concluded that in general the data obtained do not allow for a thorough evaluation of the characteristic parameters for metal bioavailability in OECD arti"cial soil compared to realistic "eld soils. Only for Cu are the organisms able to regulate their internal concentration at a level similar to that in the "eld soils, whereas internal Cr concentrations in worms exposed in OECD soil are at the lower end of the value predicted on the basis of the model developed for the 20 Dutch "eld soils. Hence, these "ndings indicate that extrapolation of data obtained in OECD arti"cial soil toward "eld soils needs to be carried out with great care.
CONCLUSION
In this study it is demonstrated that metal bioavailability is both metal-and species-dependent and depends on the interaction between a chemical and an organism, as a function of time (Rand, 1995) .
Steady state is a much preferred condition for interpreting test results and for allowing extrapolation of data obtained in a laboratory setting to "eld conditions. Prior to steady state, concentrations may increase rapidly and so may the observable e!ects on health of biota (Sheppard et al., 1997) . It is known here that this is the case for Cr, Cu, Ni, and Zn. For these metals it was observed that body concentrations attained steady state, and models may be derived that can be used to predict steady-state concentrations on the basis of total metal concentrations in the solid soil matrix, with low apparent in#uence of soil characteristics. When linked to internal critical body concentrations, as, for instance, given by Van Gestel et al. (1993) , the models derived can be easily applied in risk assessment procedures. Further validation is required, preferably carried out under "eld conditions. As the compost worm E. andrei is only rarely found in the "eld, validation would have to focus on other species belonging to the same taxonomic group.
Next to quanti"cation of availability for oligochaetes (as a group), the biological diversity of uptake patterns should be addressed. In daily practice of risk assessment, grouping of species with similar uptake pro"les seems most practical in the future, and &&averaged formulas'' for such groups should be developed to take the di!erences among groups into account. To obtain a feasible approach in terms of risk assessment, it can be foreseen that the species living on or in the soil need to be classi"ed into groups with respect to similarities of their (complex) exposure routes. Comparison of the results obtained in this study for As, Cd, and Pb to similar equations obtained for E. crypticus suggests similarity of metal uptake routes within the taxonomic group of oligochaetes, either directly or indirectly via the pore-water compartment. The data presented in this contribution for Cr, Cu, Ni, and Zn show a low impact of soil characteristics on metal uptake, whereas these characteristics are of importance in the case of E. crypticus.
The elements As, Cd, and Pb demonstrated deviating behavior in the sense that apart from soils in which internal body concentrations attained steady state, also soils could be distinguished in which there was either no metal uptake or linear uptake. In the case of As and Cd, the limiting conditions for metal uptake could be de"ned. Uptake rate constants provide the best estimate for the actually METAL ACCUMULATION IN Eisenia andrei bioavailable fraction at the start of the experiment, and models, primarily based on soil acidity, were derived that allow for the prediction of uptake rate constants. At present, however, methods for predicting rate constants for metal elimination by E. andrei are lacking and this greatly hampers the further development of models that allow, in a dynamic fashion, prediction of steady-state concentrations. The application of (radio)labeled isotopes for determining the depuration kinetics might provide a valuable tool in this respect.
